Amphiphilic molecules (surfactants) when dissolved in a bulk organic non-polar solvent form organized assemblies called reverse micelles when an appropriate concentration of surfactants, the critical micellar concentration, is reached. 1 The structure of a reverse micelle is the inverse prototype of the normal micellar structure. The polar head groups of the surfactant molecules are in contact with the tiny water pool (containing the associated counter ions) in the core of the reverse micelle while the hydrophobic chains are directed outward into the bulk organic solvent. In our previous work, chemiluminescence (CL) generation was observed upon mixing iodine with luminol dispersed in the carbonate-buffered water pool of the reversed micelle of cetyltrimethylammonium chloride (CTAC). 2 Absorption measurements demonstrated that, on mixing of the cyclohexane solution of iodine with the CTAC reversed micellar solution, iodine could be transferred instantly and completely from the organic phase into the buffered water pool of the reverse micelle.
Introduction
Amphiphilic molecules (surfactants) when dissolved in a bulk organic non-polar solvent form organized assemblies called reverse micelles when an appropriate concentration of surfactants, the critical micellar concentration, is reached. 1 The structure of a reverse micelle is the inverse prototype of the normal micellar structure. The polar head groups of the surfactant molecules are in contact with the tiny water pool (containing the associated counter ions) in the core of the reverse micelle while the hydrophobic chains are directed outward into the bulk organic solvent. In our previous work, chemiluminescence (CL) generation was observed upon mixing iodine with luminol dispersed in the carbonate-buffered water pool of the reversed micelle of cetyltrimethylammonium chloride (CTAC). 2 Absorption measurements demonstrated that, on mixing of the cyclohexane solution of iodine with the CTAC reversed micellar solution, iodine could be transferred instantly and completely from the organic phase into the buffered water pool of the reverse micelle. 2 On the other hand, when iodine was premixed with the reversed micellar solution containing the carbonate buffer alone and then the resulting mixture was mixed with the reversed micellar solution of luminol, no CL emission was produced. 3 In the CL reaction of luminol with iodine, hypoiodous acid and the iodite ion have been proposed as oxidants in usual alkaline aqueous solutions. 4 Thus, a possible explanation would be that, on iodine uptake by the reverse micelle, these oxidizing agents may be produced initially and be present transiently at the surfactant-water pool interface, before reacting immediately with luminol anion to generate luminescence. 2, 3 The chloride ion, the counter ion of CTAC, is also presumed to be available mostly at the surfactant-water pool interface, 5 and to cause its association with iodine. 6 This might facilitate the quantitative uptake of iodine by the CTAC reverse micelle. 3 In addition, the concentration effect of iodine can be achieved by entrance of iodine into a small volume of the interfacial region in the CTAC reverse micelles, where acceleration of the luminol CL reaction seems likely due to more efficient association of luminol with the generated oxidants, resulting in the generation of more intense or higher CL signals.
Several metal ions present in aqueous samples may interfere with iodine determination by using the usual aqueous phase luminol CL reaction; thus, their removal is needed by incorporating separation science techniques into the procedure. 7 When iodide is oxidized into iodine, since iodide is not CLactive, subsequent separation from the oxidant used which could interfere with the CL determination is also required. 2, 3, 8 One of the effective methods of preconcentration and separation of iodine from such interferents as oxidant and metallic species is its extraction with a suitable organic solvent. 2, 3 However, some problems, e.g., back extraction and evaporation of solvents, may crop up if conventional aqueous media are used To eliminate the use of chlorinated hydrocarbons, we have improved the method for the flow-injection (FI) determination of iodine based on the chemiluminescence reaction of iodine with luminol in a chloroform-free reversed micellar medium of the surfactant cetyltrimethylammonium chloride (CTAC) using a mixture of 1-hexanol-cyclohexane as a bulk solvent. The FI procedure used simply involves the mixing of an iodine solution in cyclohexane with the chemiluminescent reagent solution of luminol in the reversed micellar medium of CTAC in 0.38 M 1-hexanol in cyclohexane/water (buffered with sodium carbonate). The optimum conditions for the iodine determination were evaluated and a detection limit (DL) of 0.05 ng cm -3 iodine was achieved. The calibration graph obtained was linear with a dynamic range from the DL to 10 ng cm -3 iodine. The relative standard deviations (n = 5) observed at all concentrations within the linear range were less than 2.5%. The improved FI method is rapid and equally sensitive like the original one and was found to be suitable for the determination of trace iodine. in CL measurements after the extraction. 7 Also, the presence of some organic solvents can cause suppression of CL intensity in usual aqueous-organic mixtures. 9 In order to reduce or eliminate some of these problems, we have proposed a simple and rapid flow-injection (FI) procedure for the determination of iodine in organic extracts by using the reversed micellar mediated CL (RMM-CL) reaction of luminol. 3 The postextraction step was directly coupled to an RMM-CL detection system and the resulting solvent extraction/RMM-CL hybrid method was then applied to the on-line speciation determination of iodine and iodide in gargle samples. 3 Furthermore, an FI method based on the on-line photocatalytic dehalogenation combined with the solvent extraction/RMM-CL detection has been developed and was applied successfully for the determination of iodinated aromatic compounds such as Lthyroxine sodium and iopamidol in pharmaceuticals. 10 The reported method for the RMM-CL determination of iodine is very sensitive and selective, and yet it is dependent on the use of chloroform as a component of the reversed micellar bulk organic solvent, 2,3,10 thus making it environmentally less good. In fact, it is the solubility of the surfactant that dictates the choice of the bulk organic solvent: The surfactant CTAC is sparingly soluble in inert aliphatic hydrocarbons 11 but is soluble in chlorinated aliphatic hydrocarbons e.g., chloroform and dichloromethane. In our reported research, mixtures of 6 + 5 (v/v) chloroform-cyclohexane 2, 3, 10, [12] [13] [14] [15] [16] and 1 + 1 (v/v) dichloromethane-cyclohexane 17 have been used as the bulk solvent systems. These have the capability to give a stable, optically transparent, and homogenous solution of CTAC in the presence of co-solubilized water and other reagents.
A number of volatile organic halocarbon compounds are routinely used for different purposes in chemical laboratories: Chloroform is a common organic solvent, while it is a highly volatile compound that quickly escapes into the atmosphere. Regardless of their origin, halocarbons catalyze the destruction of ozone and enhance the greenhouse effect. 18 Also, chronic effects of prolonged exposure include delayed liver and/or kidney damage and increased risk of cancer. 19 Extreme personal care is recommended when handling chloroform and other chlorinated hydrocarbons.
To minimize the risk associated with the use of halocarbons, there is a need to develop and use physico-chemically similar compounds and/or new chemical concepts that are not dependent on the use of harmful compounds like chlorinated hydrocarbons. Since the toxicity of the halocarbons is understandable, presently we are focused at improving and/or modifying the trace level determination of analytes using reversed micellar media in chloroform-free solvents for the RMM-CL reactions.
In the present study, 1-hexanol replaced the chloroform fraction of the reversed micellar bulk. As a co-surfactant, 1-hexanol stabilizes the micellar system, reduces interfacial polarity and thereby also tends to reduce the rates of solvolysis reactions taking place at the water-surfactant interface. 20 This paper describes the determination of iodine using the RMM-CL reaction of luminol in a chloroform-free micellar medium of CTAC dissolved in 1-hexanol-cyclohexane mixture. Four component systems of surfactant, co-surfactant (generally a short chain alcohol), oil and water have many important features and are the most studied microemulsion systems. 21 We anticipate that the system CTAC/1-hexanol/cyclohexane/water will behave like other similar systems and will be good for the RMM-CL reaction of luminol. Also the bulk solvent system of 1-hexanol-cyclohexane can solubilize high quantities of water thus causing a remarkable change in the reversed micellar properties. Besides eliminating the use of health hazardous and toxic chlorinated solvents, this fast, low-cost, and environmentally friendly hybrid method has the potential advantages of convenience, selectivity, and specificity. Using an FI technique, less human efforts and participation in the experimentation are involved. Additionally, in the proposed procedure the risk of formation of toxic and harmful species is eliminated.
Experimental

Chemicals
The surfactant CTAC was purchased from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan). Chloroform (HPLC grade), 1-hexanol, and sodium carbonate were obtained from Kanto Chemicals Co., Inc. (Tokyo, Japan). Cyclohexane and iodine were purchased from Katayama Chemical Industries Co., Ltd. (Osaka, Japan). Luminol was obtained from Aldrich Chemical Co., Inc. (Milwaukee, WI). All other reagents used were of analytical reagent grade. All chemicals were used as received. Deionized water was freshly collected from an Advantec Toyo (Tokyo, Japan) Model GSU-901 water purification apparatus and used in making all aqueous preparations and related cleaning purposes. A 1000 µg cm -3 stock solution of iodine was prepared daily as before 2 by dissolving iodine in cyclohexane. Working solutions of iodine were prepared before use by serial dilution of the stock solution in cyclohexane. All the iodine solutions were kept in amber brown glass containers to prevent the solutions from exposure to light or to avoid any photochemical reactions. All glassware was soaked in nitric acid and thoroughly cleaned with water before use.
Apparatus
A multi-component instrument, used before 2,12-16 for the determination of FI-CL measurements was composed of a Hitachi (Tokyo, Japan) Model K-1000 FI analyzer, equipped with a 16-port rotary, programmed automatic injection valve, a Tosoh (Tokyo, Japan) Model CCPM-II computer-controlled pump unit, and a Niti-on (Funahashi, Japan) Model LF-800 photometer with a spiral flow cell (70 mm 3 ), except that our injection loops of the iodine sample and reversed micellar luminol reagent solutions were 50 mm 3 in volume. PTFE tubing of 0.5 mm i.d. was used throughout the flow system. An ordinary strip-chart recorder was used to record the CL signals. For UV-Vis absorption spectral measurements, a Shimadzu (Kyoto, Japan) Model UV-2200 double beam spectrophotometer, equipped with 5.0-cm quartz cells thermostatted at 25.0 ± 0.1˚C, was used.
Analytical procedure
The reversed micellar solution of luminescent reagent was prepared daily like 
Results and Discussion
Choice of the reversed micellar bulk solvent Among the quaternary ammonium salts, CTAC is well characterized for several reaction systems in reversed micellar solutions. In making the reversed micellar solutions of CTAC, 2,3,10,12-16,22 a 6 + 5 (v/v) mixture of chloroform and cyclohexane has been used as a bulk solvent since it afforded completely homogenous solutions. Additionally the resultant solutions were transparent and stable. The use of chloroform as a solvent in making CTAC reversed micellar solutions is suitable because of the solvation ability of chloroform toward the counter Cl -ion of CTAC. 23, 24 For surfactants having a small packing parameter, e.g., sodium dodecyl sulfate or CTAC, on the other hand, the addition of a co-surfactant, e.g., 1-hexanol, will result in the formation of a stable microemulsion. [25] [26] [27] This additional stability is attributed to the alcohol molecules, which reduce the surface charge density of the micelle by intercalating among the interfacial surfactant molecules and increasing the separations between the ionic head groups of the surfactants. [28] [29] [30] Additionally, the alcohol co-surfactants also influence the kinetics of reactions in the reverse micelles as well as the polarity of the micellar medium. 31, 32 We therefore anticipated that the concentration of 1-hexanol in cyclohexane will have an impact on the behavior of iodine as well as on the reactivity of the CTAC reverse micelles. Figure 1 represents the effect of 1-hexanol concentration in the bulk solvent on the CL intensity at an R value of 15. When the mole fraction of 1-hexanol in the bulk solvent was increased, a decline in the CL intensity was observed beyond a mole fraction of 0.05. In order to understand the interaction of iodine with 1-hexanol used as a co-surfactant, we carried out absorption measurements for iodine in cyclohexane and 1-hexanol. A single band at 523 nm that corresponds to iodine was observed in cyclohexane. This indicated that iodine remains as such in the cyclohexane medium. In 1-hexanol, on the other hand, the band at 523 nm disappeared and instead two peaks at 360 and 446 nm appeared. The former peak may be attributed to the generation of triiodide ion in 1-hexanol and the latter peak to some sort of interaction between iodine and 1-hexanol, probably leading to a decrease in the absolute amount of iodine. Thus, a mole fraction of 0.04 or 0.38 M 1-hexanol in cyclohexane was chosen as optimal. Using 0.06 M sodium hydroxide as a base for the RMM-CL reaction of luminol in the water pool, it was observed that the CL intensities with the reversed micellar bulk solvents of 0.38 M 1-hexanol in cyclohexane were relatively higher compared to those observed with the bulk solvents of neat chloroform or the cyclohexane-chloroform mixture as mentioned below.
Optimization studies Effect of base concentration on the CL intensity.
The CL reaction of luminol takes place in a basic medium, where iodine may be converted into hypoiodous acid that has been proposed as an oxidant. [2] [3] [4] In this regard, a separate comparative study on effects of a strong base NaOH, and a mild base Na2CO3, on the RMM-CL reaction of luminol with iodine was carried out. The results are shown in Fig. 2 . With an increase in the concentration of NaOH in the reversed micellar water pool in bulk 1-hexanol-cyclohexane, the CL intensity first increased and reached a maximum around 0.06 M, beyond which the CL signal declined. With an increase in the OH -concentration, the hypoiodite ion produced may undergo favorable disproportionation rapidly, to be converted into the iodate ion that is a CL non-active species. 3 This may lead to lowering of the CL signals at higher OH -concentrations. With Na2CO3, on the other hand, it was observed that the CL intensity enhanced quickly in the beginning (up to 0.02 M) and afterward reached a plateau. Thus, involvement of carbonate ion in the RMM-CL reaction is likely, as mentioned below. Effect of salt concentration. The effect of the presence of salts was also investigated in the CTAC reversed micellar medium using 1-hexanol-cyclohexane as a bulk solvent.
The concentration of each of Na2CO3, Na2SO4, NaClO4, and CH3COONa was varied individually in the reversed micellar water pool at a fixed concentration of 0.03 M NaOH, where increasing the added salt concentrations up to 0.10 M would bring no appreciable change in the pH. The corresponding effects on the CL signals were observed, as shown in Fig. 3 . With increasing the concentration of Na2CO3 in the water pools, the CL signals were drastically enhanced, reaching to a maximum around 0.02 M Na2CO3, while negligibly small changes in CL activity were observed for the rest of the salts at all concentrations. This indicated that CO3 2-plays an important role in the CL reaction of luminol in the reversed micellar media. A similar carbonate concentration effect was observed for the bis(acetylacetonato)oxovanadium(IV)-catalyzed CL reaction of luminol in the CTAC reversed micellar solution. 16 For the usual aqueous phase CL reactions of luminol, several 69 ANALYTICAL SCIENCES JANUARY 2006, VOL. 22 similar observations of the carbonate or CO2(aq) enhancement effect on CL have been also reported [33] [34] [35] and a plausible mechanism involving the reaction between the superoxide radical, O2 -·, and CO2(aq) to form the peroxycarbonate radical, CO4 -·, which is an effective oxidant of luminol, was proposed. 35 In addition, it was presumed that enhancement of CL by addition of cationic normal micellar solutions involves a more efficient reaction with the O2 -· radical in the Stern region of the micelles. 36 Although uncertain, the luminol CL reaction may occur at the CTAC reversed micellar interface, 22 which can be regarded as significant in reactivity as mentioned above. To clarify the role of the CO3 2-ion, however, further investigations are needed. Using the aforementioned optimum concentration of 0.06 M NaOH, we also could obtain maximum CL at the added Na2CO3 concentrations of 0.02 M and above; thus for analytical work the Na2CO3 concentration of 0.04 M was recommended here.
Effect of the [H2O]/[CTAC] molar ratio.
By changing the molar concentration ratio R, one can modify the size of the reverse micelles. 1 Also, the R ratio strongly affects the physicochemical properties of the reverse micelles, which differ from those of bulk water, especially at the reversed micellar surfactant-water interface. 24 With lower R, lower CL intensity has usually been observed for the RMM-CL emission. 12, 14, 15, 17 It was presumed that the occurrence of bulk-like water in the reversed micellar aqueous core at higher R facilitates the RMM-CL reaction of luminol. Figure 4 shows such a relationship between the R and CL signal, where the R value was varied by changing the concentration of the CTAC surfactant at a fixed amount of water ([H2O] = 1.1 M) in the reversed micellar solution. The CL intensity reached a maximum in the R range of 8 -15 and an optimum R value of 15 was selected.
A change in the composition of the bulk solvent may have little or no effect on the size of the reversed micelles. However, a variation in the composition of the bulk solvent can influence and/or alter the reaction field and reactivity of the reversed micelles, 37 and thus leading to a change in the RMM-CL intensity. 15, 16 The CL signals observed at all R values for a 5.0 × 10 -8 M iodine solution were higher in the 1-hexanol-cyclohexane reversed micellar bulk than those in the neat chloroform or the chloroform-cyclohexane bulk (Fig. 4) . Although a drop in interfacial polarity caused by the OH functional group of 1-hexanol located relatively close to/at the reversed micellar interface 20 might be responsible for such an enhancement in the CL signal, further investigations are certainly required to explain this behavior in the reversed micellar bulk solvent effect on the RMM-CL emission.
Analytical performance
Under the optimized instrumental and chemical parameters, we obtained the detection limit (DL) of 0.05 ng cm -3 iodine, where the DL is given as the concentration for which the analytical signal is 3 times higher than the noise level of the base line. In our previous study using chloroform-cyclohexane as a reversed micellar bulk solvent, 2 almost the same DL has been reported, while the log-log calibration curve obtained was made of two lines. In the lower iodine concentration range, no linear relationship existed between the CL intensity and the iodine concentration, likely due to the occurrence of some reaction between iodine and chloroform at lower concentrations of iodine. In the present work using the 1-hexanol-cyclohexane bulk, on the other hand, the log-log calibration graph obtained is a single line ranging from the DL to 10 ng cm -3 iodine. The slope of this calibration graph is 1.04 ± 0.08 and the observed relative standard deviations (n = 5) at all concentrations within the linear range are less than 2.5%.
Conclusions
This work demonstrates first that a chloroform-free bulk solvent of 1-hexanol-cyclohexane can be used instead of chloroform-cyclohexane reversed micellar bulk for the CL determination of iodine using the luminol-CTAC reversed micelle sysytem. The present method has the advantage of no human exposure to toxic solvents such as chloroform. A linear calibration graph with a wide dynamic range is also achieved. Besides other advantages of high sensitivity and the simplicity of instrumentation, this FI-CL method provides rapid and reproducible analyses. Further work is in progress to study the influence of sodium carbonate, interferences, and applications to samples of diverse nature.
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ANALYTICAL SCIENCES JANUARY 2006, VOL. 22 Fig. 3 Variations of the CL intensity with concentrations of Na2CO3 (a), Na2SO4 (A), NaClO4 (f) and CH3COONa (F) as a salt in the aqueous phase (0.03 M NaOH) dispersed in the reversed micellar medium. 
